Analysis of observational data suggests two-way interactions between the tropical intraseasonal oscillation (ISO) and synoptic-scale variability (SSV). On one hand, SSV is strongly modulated by the ISO; that is, a strengthened (weakened) SSV appears during the enhanced (suppressed) ISO phase. The northwestsoutheast-oriented synoptic wave train is strengthened and well organized in the northwestern Pacific during the enhanced ISO phase but weakened during the suppressed ISO phase. On the other hand, SSV may exert an upscale feedback to ISO through the nonlinearly rectified surface latent heat flux (LHF). The maximum synoptic contribution exceeds 20%-30% of the total intraseasonal LHF over the tropical Indian Ocean, western Pacific, and northeastern Pacific. The nonlinearly rectified LHF leads the ISO convection and boundary layer specific humidity, and thus it may contribute to the propagation of the ISO in boreal summer through the preconditioning of the surface moisture and moist static energy ahead of the convection.
Introduction
The intraseasonal oscillation (ISO), or the MaddenJulian oscillation (MJO; Madden and Julian 1971, 1972) , is the most significant subseasonal signal in the tropical atmosphere [see Zhang (2005) for a review]. It has great regional and season-dependent evolution characteristics (Rui and Wang 1990; Madden and Julian 1994) . It is well connected to the monsoon intraseasonal variability in boreal summer through the northward propagation of the ISO convection (Yasunari 1979; Jiang et al. 2004 ). The ISO behaves differently during the developing and decaying phases of ENSO (Lin and Li 2008; Seiki et al. 2009; Roundy and Kravitz 2009) .
The tropical Indian Ocean and western Pacific are regions of enhanced ISOs and synoptic-scale variabilities (SSVs), including tropical cyclone (TC) activity (Lau and Lau 1990; Liebmann et al. 1994; Hartmann and Maloney 2001; Li et al. 2003; Maloney and Dickinson 2003; Straub and Kiladis 2003; Fu et al. 2007) . It is well known that the ISO may exert a large-scale control on SSVs Hendon and Liebmann 1994; Hartmann 1998, 2000a,b; Straub and Kiladis 2003) . Nakazawa (1988) showed that synoptic-scale disturbances are embedded within ''super clusters'' during the enhanced (or convective) phase of the ISO. Diagnostic and modeling studies suggest that barotropic energy conversion between the intraseasonal flow field and higherfrequency eddies is responsible for the latter's growth (Maloney and Hartmann 2001; Hartmann and Maloney 2001; Sobel and Maloney 2000; Maloney and Dickinson 2003) . A case study by Dickinson and Molinari (2002) pointed out an association between the mixed Rossbygravity wave packet-TC activity and the enhanced convective phase of the MJO.
Studies have pointed out relationships between the occurrence of TCs and the ISO ). Hartmann (1998, 2000a) calculated correlations between the enhanced phase of MJO and TC genesis and suggested that the MJO westerly phase may set up favorable conditions for TC development by inducing cyclonic low-level vorticity and boundary layer convergences. Using wave accumulation as a precondition for TC genesis, Sobel and Maloney (2000) found * School of Ocean and Earth Science and Technology Contribution Number 7932 and International Pacific Research Center Contribution Number 693.
1 Current affiliation: Research Applications Laboratory, National Center for Atmospheric Research, Boulder, Colorado. that the wave activity convergence associated with tropicaldepression-type disturbances is stronger during the enhanced phase of the MJO. Frank and Roundy (2006) found that tropical cyclone formation is closely related to enhanced tropical wave activity, including the mixed Rossbygravity waves, tropical-depression-type or easterly waves, equatorial Rossby waves, and the MJO.
Yet, compared with the ISO control on synoptic-scale activity, the SSV feedback to the ISO has received less attention (Batstone et al. 2005 ). Many of the previous studies emphasized the ISO influence on SSV, and less attention was paid to the synoptic feedback to the ISO. While the ISO exerts a large-scale control on SSV, it is not clear how and to what extent the integrated effect of SSVs and TCs may further feed back to the ISO by changing its strength, structure, and propagation characteristics. Krishnamurti et al. (2003) speculated that about 30%-50% of the total surface heat flux on the MJO time scale might come from the interaction of the MJO with other time scales. It has been suggested that the synoptic-scale motion may trigger the MJO (Biello and Majda 2005; Biello et al. 2007) . A significant reduction of ISO variances was found when removing TCs from the National Centers for Environmental Prediction (NCEP) reanalysis data (Hsu et al. 2008) , suggesting a two-way interaction between TCs and the ISO.
This study is to examine the two-way interaction between the tropical ISO and SSV, including the modulation of the ISO on SSV and the SSV feedback to the ISO. The rest of this paper is organized as follows. Data and analysis methods are described in section 2, followed by an analysis of the ISO modulation on SSV in section 3. Section 4 diagnoses the SSV contribution to the intraseasonal latent heat flux and its phase relationship with the ISO convection. A summary is given in section 5.
Data and methods
The primary data used in this study include 1) daily National Oceanic and Atmospheric Administration (NOAA) interpolated outgoing longwave radiation (OLR) at a grid of 2.58 3 2.58 for The surface latent heat flux (LHF) from the WHOI OAFlux dataset is used to validate the bulk formula calculation. To accommodate the 6-hourly NCEP-2 and ECMWF TOGA Global Advanced Operational Surface Analysis data for the LHF calculation, the daily TMI SST is interpolated to 4 times daily.
Treating the OLR field as a proxy for tropical convection, we define the enhanced and suppressed phases of the ISO based on the 20-90-day bandpass-filtered daily OLR data. Note that the ISO referred to here may include the MJO, equatorial Rossby waves, and other tropical waves. A multivariate empirical orthogonal function (MEOF) analysis is performed onto the 3-8-day filtered wind and vorticity fields to derive the leading modes of SSV during the enhanced and suppressed ISO phases, respectively. The difference between the regular EOF and the multivariate EOF is that the former is performed onto a single variable, while the latter works on a combination of several variables. For example, the leading MEOF modes of two variables give paired spatial patterns. Using one standard deviation of the time series of the first MEOF mode as a threshold, 16 (24) SSV cases are selected for a composite analysis to derive the evolution of dominant SSV patterns during the enhanced (suppressed) ISO phases.
Modulation of SSV by the ISO
A 20-90-day bandpass filter is applied to the OLR field for the summer period (May-October) of 2000-06 to isolate the ISO signal. A reference region (158-208N, 1258-1358E) , where the strongest ISO variability appears in the western North Pacific (WNP), is selected. The (contour), and OLR (shading) fields during the enhanced and suppressed ISO phases. Note that the enhanced (suppressed) ISO convection is associated with low-level cyclonic (anticyclonic) circulation, with the vorticity centers located slightly northwest of the convection centers (Hsu and Weng 2001; Li and Wang 2005) . The cause of this vorticity phase shift is attributed to the effect of both the background vertical shear (Jiang et al. 2004 ) and the planetary vorticity gradient.
Is the synoptic-scale motion randomly distributed or is it ISO phase dependent? To address this question, the synoptic-scale (3-8 days) variance is examined in the WNP for the enhanced and suppressed ISO phases. Figure 3 shows the variances of the synoptic-scale vorticity, zonal wind, and meridional wind at 850 hPa for the ISO enhanced and suppressed phases. A significant difference exists between the enhanced and suppressed ISO phases, with stronger (weaker) SSV occurring during the enhanced (suppressed) phase of ISO. The greatest differences appear at the center and to the north of the ISO convection. Other variables-such as the surface latent heat flux, humidity, and SST-also show similar characteristics, indicating that SSV is in general stronger (weaker) during the enhanced (suppressed) ISO phase.
To illustrate the spatial and temporal structures of the SSV, we conducted a multivariate EOF analysis of the synoptic-scale 850-hPa zonal wind and vorticity fields in the WNP domain (08-358N, 908-1708E) for the enhanced and suppressed ISO phases, respectively. While the zonal wind alone might be sufficient to describe the boreal winter ISO (or MJO), the boreal summer ISO involves a greater rotational wind component and is characterized by marked northward and westward propagation. As the vorticity includes both the zonal and meridional wind components, both the zonal wind and vorticity fields are considered in our eigenmode calculation. Figure 4 shows horizontal patterns of the first and second EOF modes of SSV during the enhanced and suppressed ISO phases. Note that the dominant SSV pattern is a northwestsoutheast-oriented synoptic-scale wave train, consistent with previous studies (e.g., Lau and Lau 1990; Tam and Li 2006) . By analyzing TC genesis events in the WNP during 2000/01, Fu et al. (2007) found that about 30% of cyclogenesis events occur in the synoptic wave train (excluding those due to the energy dispersion of a preexisting TC). Kiladis et al. (2009) found a similar wave train pattern that connects a mixed Rossby gravity wave to the east. The EOF-1 and EOF-2 patterns in Fig. 4 represent different phases of the same SSV mode that propagates northwestward.
To further reveal the structure and evolution characteristics of SSV, a composite analysis is performed for the enhanced and suppressed ISO phases, respectively, based on the EOF-1 time series. Figure 5 shows the evolution of the synoptic-scale wind and vorticity fields at 850 hPa from day 23 to day 2 for the enhanced phase of the ISO, where day 0 corresponds to the strongest SSV in the reference box. A well-organized alternative cyclone-anticyclone-cyclone wave train is found in the WNP, and the wave train propagates northwestward at a phase speed of about 3 m s Figure 6 illustrates the corresponding SSV pattern and evolution during the suppressed phase of ISO. It is obvious that the wave train is much weaker and is loosely organized. The amplitude of the 850-hPa vorticity field is 3-4 times smaller. The propagation speed of the synoptic-scale wave train during the suppressed phase is slower, about one-half of that during the enhanced ISO phase.
The distinct SSV patterns during the enhanced and suppressed ISO phases are consistent with previous studies. ) and vorticity (contour, interval: 0.3 3 10 25 s 21 ) fields at 850 mb from day 23 to day 2 during the enhanced ISO phase. Day 0 corresponds to a time when the strongest synoptic disturbance appears in the reference box.
For example, Maloney and Dickinson (2003) showed that tropical-depression-type disturbances are more energetic during ISO westerly periods than during ISO easterly periods. Ko and Hsu (2009) also pointed out that the wave pattern is better organized in the ISO westerly phase. Following the same method, one may reveal the evolution characteristics of the synoptic-scale SST and surface specific humidity fields in relevance to the 850-hPa synoptic wind pattern (Figs. 7, 8 ). Note that positive (negative) synoptic SST perturbations appear slightly ahead of the cyclonic (anticyclonic) circulation. The magnitude of the SST anomalies during the enhanced ISO phase (0.258C) is about twice of that during the suppressed ISO phase (about 0.18-0.158C). Fig. 7 , but for the synoptic-scale surface specific humidity field (shading: negative surface specific humidity; shading and contours: positive surface specific humidity; unit: g kg 21 ).
5746 the structure of the synoptic-scale surface specific humidity derived from the ECMWF global analysis. For both the enhanced (upper panel) and suppressed (lower panel) phases of the ISO, positive (negative) synopticscale humidity perturbations also appear slightly ahead of the low-level cyclonic (anticyclonic) vorticity field, in accordance with the SST field. The amplitude of the specific humidity field during the enhanced ISO phase (0.4 g kg 21 ) is about twice of that during the suppressed ISO phase (0.2 g kg
21
). The resemblance of the spatial pattern of the synoptic-scale SST and surface specific humidity fields implies that the Lindzen and Nigam (1987) mechanism works on the synoptic scale-a warm SST perturbation leads to a PBL convergence and thus an increase of the surface humidity.
The observational evidences mentioned earlier show an in-phase relationship between the ISO and SSV; that is, a stronger (weaker) northwest-southeast-oriented wave train appears during the enhanced (suppressed) phase of the ISO. What causes such a phase dependence? A possible mechanism is attributed to the change of the background vertical shear (Ge et al. 2007) . During the enhanced (suppressed) ISO phase, as convective heating in the WNP is strengthened (weakened), so is the easterly shear of the background zonal wind. Through a theoretical study, Wang and Xie (1996) indicated that under an easterly (westerly) shear, the amplitude of equatorial Rossby waves is enhanced (weakened) at the lower troposphere while weakened (enhanced) at the upper troposphere. further examined the asymmetric growth of the synoptic wave train in the WNP under a constant easterly and westerly shear and found that the wave train grows much faster under an easterly shear. Therefore, the enhanced easterly shear during the enhanced ISO phase might lead to the amplification of low-level vorticity, which further enhances the PBL convergence (through the Ekman pumping) and convective heating, leading to the strong development of the synoptic disturbance.
Upscale feedback of SSV to the ISO
In this section, we focus on how the synoptic-scale motion may nonlinearly rectify the intraseasonal surface LHF and what is the phase relationship between the nonlinearly rectified LHF and the ISO convection. It is hypothesized that the SSV-rectified LHF may affect the ISO convection through the preconditioning of the surface moisture and moist static energy. 
a. SSV contribution to the intraseasonal LHF
The surface LHF may be calculated according to the following bulk formula (Weare et al. 1981; Chu and Frederick 1990) :
where L 5 2.5 3 10 6 J kg 21 is the latent heat of condensation; r 5 1.225 kg m 23 is the air density at the standard sea level; C E is a constant exchange coefficient whose value is determined based on the comparison with the climatology annual cycle of OAFlux; jVj is 10-m wind speed based on the 6-hourly ECMWF data; q s is the sea surface specific humidity derived from the 6-hourly interpolated TMI SST and 6-hourly sea level pressure (SLP) from the ECMWF TOGA analysis; and q a is the specific humidity at 10 m, derived based on the 6-hourly SLP and dewpoint temperature from the ECMWF TOGA analysis.
A constant exchange coefficient of 1 3 10 23 is selected, based on a comparison with the annual cycle of the WHOI OAFlux for the period of 2000-02. Both the OAFlux and calculated LHF fields show large variances in northeastern Asia and relatively small variances over the tropical oceans. The resemblance of both the mean and variability patterns between the observed and calculated LHF datasets gives us the confidence to further use the bulk formula for the subsequent nonlinear rectification analysis.
There are two ways for SSV to nonlinearly rectify the intraseasonal LHF field. The first way is through the nonlinear rectification of the surface wind speed. Figure 9 shows an example illustrating how synoptic wind components may give rise to intraseasonal variation of the wind speed. Year 2001 was randomly chosen here, as each year bears a similar feature. Whereas the integrated values of 3-8-day filtered zonal wind (top panel in Fig. 9 ) and meridional wind over an intraseasonal or longer period are approximately zero, the derived wind speed (bottom panel in Fig. 9 ) exhibits a clear intraseasonal oscillation. This nonlinearly rectified wind speed may further contribute to the intraseasonal LHF variability. The second way is through the nonlinear interaction between the synoptic-scale air-sea humidity difference and motion.
To examine to what extent SSV contributes to the intraseasonal surface LHF, the zonal (u) and meridional (y) wind components and the air-sea humidity difference (Dq) fields are decomposed into three components: the climatological background mean state, the synopticscale (3-8 days) component, and the intraseasonal (20-90 day) component. Either the climatological annual mean or annual cycle field may be used to represent the background state. For simplicity, an annual mean state is used in this study.
Two intraseasonal LHF fields are calculated. First, the LHF is calculated based on the sum of all the three components (which is approximately equal to the total field) for both the wind and humidity fields. The socalculated LHF is then filtered into a 20-90-day band. Figure 10a shows the standard deviations of the 20-90-day filtered LHF field. The standard deviation may reflect the strength of the total intraseasonal LHF field. Note that large variabilities occur over the tropical Indian Ocean and western Pacific.
Second, the LHF is calculated based on the sum of only the background mean state and the synoptic-scale component without involving the ISO component. The same 20-90-day filter is applied to this newly calculated LHF field. Figure 10b shows the standard deviation of the 20-90-day filtered LHF field. Note that this LHF field reflects the nonlinear rectification because of the SSV-mean flow interaction. This nonlinearly rectified LHF has strong variabilities over the equatorial Indian Ocean, Bay of Bengal, South China Sea, and western and eastern North Pacific.
By comparing the standard deviation of both the intraseasonal LHF fields, one may reveal what percentage of the intraseasonal LHF comes from the SSV-mean flow interaction. Figure 11 shows the ratio of the standard deviation of the two intraseasonal LHF fields. Note that the ratio exceeds 20%-30% over the tropical Indian Ocean, western Pacific, and eastern North Pacific, indicating that over these regions, the intraseasonal surface latent heat flux is greatly modulated by the synoptic-scale motion. Maximum synoptic contributions may exceed 50% in the western and northeastern Pacific. In general, FIG. 11 . Ratio of the standard deviations of the nonlinearly rectified intraseasonal surface LHF (calculated based on the 3-8-day filtered and background mean fields) to the total intraseasonal surface LHF. the strong nonlinear rectification appears in the region where the ISO variability is large.
What is the relative role of the synoptic-scale wind versus synoptic-scale air-sea humidity difference? A further diagnosis reveals that the synoptic-scale wind is more important in contributing to this upscale feedback when the background annual mean state is applied. With an annual cycle background state, both the synoptic-scale wind and the synoptic-scale humidity difference fields may contribute to the nonlinear rectification of LHF.
b. Phase relation between the nonlinearly rectified LHF and the ISO convection
In the previous section, we show the overall ratio of the intraseasonal LHF contributed by SSV due to the nonlinear rectification. In this section we further examine the spatial phase relationship between the nonlinearly rectified LHF and the ISO convection/moisture. Here we focus on three major ISO convective activity regions in boreal summer: the northwestern Pacific, the tropical Indian Ocean, and the northeastern Pacific.
For the northwestern Pacific region, the same reference box (158-208N, 1258-1358E ) is used to determine ISO enhanced and suppressed phases. Also, the same analysis procedure is applied to calculate the intraseasonal LHF based on the synoptic-scale and the summer mean fields. Figure 12 shows the spatial phase relation between the nonlinearly rectified LHF (shadings) and the ISO convection represented by the OLR field during the enhanced and suppressed ISO phases. Note that during the ISO wet phase, enhanced surface LHF appears at and to the northwest of the ISO convection center, while suppressed LHF is observed to the southeast of the convection center. A similar phase relation, but What is the role of the nonlinearly rectified LHF in the ISO evolution? It is speculated that the enhanced surface LHF to the northwest of the convection due to the SSV-mean flow interaction may lead to the increase of surface moisture and convective instability in situ, and thus contribute to the strengthening and the northwestward propagation of the ISO.
To examine whether the boundary layer moisture associated with the ISO is ahead of the convection, we plot the specific humidity field at 925 hPa in Figs. 12c,d . The contribution of the nonlinearly rectified LHF to the ISO moisture field is supported by the observational evidence. A positive (negative) intraseasonal specific humidity anomaly is indeed located northwest of the ISO enhanced (suppressed) convection center, in accordance with the rectified LHF field. This suggests that the nonlinearly rectified surface LHF may play an active role in preconditioning the moisture ahead of the ISO convection center, contributing to the northwestward propagation of the ISO.
What is the ISO contribution to the intraseasonal surface LHF? To compare the ISO and SSV contributions, we calculated the surface LHF due to the ISO-mean flow interaction (without the involvement of SSV) for the enhanced and suppressed ISO phases, respectively (figure not shown). It is found that enhanced (suppressed) surface LHF appears both north and south of the ISO convection center. Therefore, this part of the LHF does not contribute to the asymmetry of the near-surface moisture and thus has little effect on the northwestward propagation of the ISO in the WNP.
The ISO convective activity in the tropical Indian Ocean is characterized by a large-scale northwest-southeasttilted rainband that propagates northeastward (Waliser et al. 2001; Jiang et al. 2004; Jiang and Li 2005; Wang et al. 2005) . How does SSV contribute to the intraseasonal LHF in the region? Figure 13 illustrates the spatial phase relationships among the ISO convection (represented by OLR, contour), the nonlinearly rectified LHF (shading in the left panels of Fig. 13) , and the intraseasonal humidity field (shading in the right panels of Fig. 13) . A similar spatial structure is found in the tropical Indian Ocean region; that is, the enhanced (suppressed) nonlinear rectified surface LHF and the positive (negative) boundary layer moisture perturbation lead the ISOenhanced (suppressed) convection. Thus, the asymmetric SSV-induced nonlinearly rectified LHF may contribute to the asymmetry of the near-surface specific humidity, which may further contribute to the northeastward FIG. 13 . As in Fig. 12 , but for the tropical Indian Ocean region. The reference box for the OLR is at 108-158N, 808-858E.
propagation of ISO in boreal summer over the tropical Indian Ocean.
In boreal summer, a marked northward propagation of the intraseasonal OLR field is found in the northeastern Pacific (Jiang and Waliser 2008) . To examine the nonlinear rectification effect in the region, we performed a similar calculation by selecting a reference box (12.58-158N, 1008-97.58W) where the strongest local ISO convective activity appears. Figure 14 illustrates the spatial phase relationships among the nonlinearly rectified surface LHF, the intraseasonal specific humidity field, and the ISO convection. Similar characteristics are revealed in the northeastern Pacific, where the SSV-induced nonlinearly rectified surface LHF may contribute to the asymmetry of the PBL moisture and the northward propagation of the ISO convection.
The earlier-mentioned analyses in the three active ISO regions all point out a similar feature-that the nonlinearly rectified surface LHF leads the ISO convection center and may contribute to the asymmetry of the near-surface moisture. This indicates that the synoptic-scale motion, through its nonlinear rectification of the surface LHF, may exert an upscale feedback to the ISO.
Summary
Two-way interactions between the ISO and SSV are examined based on the analysis of the observational data. It is found that the synoptic-scale (3-8 days) disturbances tend to be enhanced (weakened) during the enhanced (suppressed) ISO phase. Such an ISO-phasedependent feature appears not only in the dynamic fields, such as 850-hPa wind and vorticity, but also in thermodynamic variables, such as the sea surface temperature and humidity fields. During the enhanced ISO phase, the northwest-southeast-oriented synoptic wave train is strong and well organized in the northwestern Pacific, while it becomes much weaker and loosely organized during the suppressed ISO phase. The mechanism for FIG. 14. As in Fig. 12 , but for the northeastern Pacific region. The reference box for the OLR is at 12.58-158N, 1008-97.58W.
the enhancement of the synoptic wave train during the enhanced phase is attributed to the strengthening of the background easterly shear, which favors the enhancement of the lower-tropospheric perturbations. A bulk formula is used to calculate the contribution of the synoptic-scale motion to the intraseasonal surface latent heat flux. The ratio of the intraseasonal LHF calculated based on the sum of the synoptic-scale field and the annual mean field and based on the total fields shows that SSV contributes a significant portion of the total intraseasonal LHF in most of the tropical oceans. The maximum contributions to the intraseasonal latent heat flux by the synoptic-scale motion exceed 20%-30% over the tropical Indian Ocean, South China Sea, WNP, and northeastern Pacific. For the annual mean basic state, the major contribution comes from the synoptic wind field. The synoptic wind and humidity fields become equally important when an annual cycle basic state is considered.
A further diagnosis of the spatial phase relationship between the SSV-induced nonlinearly rectified LHF and the ISO convection in the WNP in boreal summer reveals that the LHF has maximum values to the northwest of the enhanced ISO convection center, in accordance with a positive near-surface humidity perturbation. This observational fact points out a possible upscale feedback from SSV to the ISO-that is, enhanced nonlinearly rectified LHF may increase the surface moisture and thus the atmospheric convective instability ahead of the ISO convection center, leading to the northwestward propagation of the ISO in the WNP. A similar phase leading feature is found in the tropical Indian Ocean and the northeastern Pacific, supporting the notion that SSV, whose strength is to a large extent controlled by the ISO, may exert an upscale feedback to the ISO through the nonlinear rectification of the surface LHF. Such a feedback may favor the growth and propagation of the ISO convection through the preconditioning of the surface moisture.
In this study, we focus on the upscale feedback through the modulation of the surface latent heat flux. In addition, SSV may feed back to the ISO through the atmospheric eddy momentum/energy transport and through the change of SST. Further works need to explore the additional possible processes. As the first step, we used the climatological mean state and did not consider the interannually varying basic state. It would be interesting to reveal ENSO-phase-dependent nonlinear rectification features. It is also worth mentioning that TRMM SST data might contain some errors induced by local atmospheric convection and therefore caution is needed in interpreting the SST signal associated with the synopticscale waves.
